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We discuss the relation between leptogenesis and the MNS
phases in the class of see-saw models called light sequential
dominance in which the right-handed neutrinos dominate se-
quentially, with the dominant right-handed neutrino being
the lightest one. The heaviest right-handed neutrino then de-
couples, leaving effectively two right-handed neutrinos. Light
sequential dominance is motivated by SO(10) models which
predict three right-handed neutrinos. With an approximate
Yukawa texture zero in the 11 position there are only two
see-saw phases which are simply related to the MNS phase
measurable at a neutrino factory and the leptogenesis phase.
The leptogenesis phase is predicted to be equal to the neutri-
noless double beta decay phase.
PACS numbers:11.30.e, 11.30.f, 14.60 p
There is by now good evidence for neutrino masses and
mixings from atmospheric and solar neutrino oscillations
[1]. The minimal neutrino sector required to account for
the atmospheric and solar neutrino oscillation data con-
sists of three light physical neutrinos with left-handed
flavour eigenstates, νe, νµ, and ντ , defined to be those
states that share the same electroweak doublet as the
left-handed charged lepton mass eigenstates. The neu-
trino flavor eigenstates νe, νµ, and ντ are related to the
neutrino mass eigenstates ν1, ν2, and ν3 with mass m1,
m2, andm3, respectively, by a 3×3 unitary matrix called
the MNS matrix UMNS [2,3]


νe
νµ
ντ

 = UMNS


ν1
ν2
ν3

 . (1)
Assuming the light neutrinos are Majorana, UMNS can
be parameterized in terms of three mixing angles θij , a
Dirac phase δMNS, together with two Majorana phases
β1, β2, as follows
UMNS = R23U13R12P12 (2)
where
R23 =


1 0 0
0 c23 s23
0 −s23 c23

 , R12 =


c12 s12 0
−s12 c12 0
0 0 1

 (3)
U13 =


c13 0 s13e
−iδMNS
0 1 0
−s13e
iδMNS 0 c13

 , (4)
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P12 =


eiβ1 0 0
0 eiβ2 0
0 0 1

 (5)
where cij = cos θij and sij = sin θij .
The most elegant explanation of small neutrino masses
continues to be the see-saw mechanism [4,5]. Accord-
ing to the see-saw mechanism, lepton number is broken
at high energies due to right-handed neutrino Majorana
masses, resulting in small left-handed neutrino Majorana
masses suppressed by the heavy mass scale. The see-
saw mechanism also provides an attractive mechanism
for generating the baryon asymmetry of the universe via
leptogenesis [6], [7].
There is a large literature concerned with a possible
link between the phases responsible for leptogenesis and
those in the low energy neutrino sector, especially the
Dirac phase δMNS which may be measured at a neutrino
factory. In general the conclusion seems to be that there
is no direct link [8]. The leptogenesis phase appears to be
quite independent of the neutrino factory phase. How-
ever in specific regions of parameter space [9] or in spe-
cific models [10–12] such a link may exist. For example
in models with only two right-handed neutrinos, there
does appear to be a link at least in special cases [11,12].
However many models predict three right-handed neu-
trinos due to a gauged SU(2)R which may be embedded
into a larger gauge group such as SO(10). Nevertheless it
is well known [13–15] that certain classes of three right-
handed neutrino models can behave effectively as two
right-handed neutrino models. This provides the moti-
vation for our present study.
The purpose of the present paper is to discuss lep-
togenesis in a class of models with three right-handed
neutrinos in which a neutrino mass hierarchy arises nat-
urally due to a single right-handed neutrino dominantly
contributing to the heaviest neutrino mass, and a sec-
ond right-handed neutrino dominantly contributing to
the the second heaviest neutrino mass [14]. This mecha-
nism called sequential dominance was discussed recently
including phases in [15] from which many of the results
in this paper have been derived. We shall further focus
on the case that the dominant right-handed neutrino is
the lightest one, called light sequential dominance (LSD).
The physical motivation for LSD is that in such models
the neutrino Yukawa matrix has the same universal form
as the quark Yukawa matrices, with no large off-diagonal
elements, and such theories are compatible with SO(10)
[16]. The main physical consequence of LSD is that the
heaviest right-handed neutrino is irrelevant for both neu-
trino oscillation experiments and leptogenesis, and effec-
tively decouples, leading to an effective two right-handed
neutrino description.
For the present discussion we shall work in the flavour
basis where the charged lepton mass matrix and the
right-handed neutrino Majorana mass matrix are both
diagonal with real positive eigenvalues. We write the lat-
ter as
MRR =


Y 0 0
0 X 0
0 0 X ′

 (6)
where we assume
Y ≪ X ≪ X ′. (7)
We write the neutrino Yukawa matrix as
Y νLR =


0 a a′
e b b′
f c c′

 , (8)
in the convention where the Yukawa matrix in Eq.8 cor-
responds to the Lagrangian coupling L¯HY νLRνR, where
L are the left-handed lepton doublets, H is the Higgs
doublet, and νR are the right-handed neutrinos. The
condition for sequential dominance (SD) is [14]
|e2|, |f2|, |ef |
Y
≫
|xy|
X
≫
|x′y′|
X ′
(9)
where x, y ∈ a, b, c and x′, y′ ∈ a′, b′, c′, where all Yukawa
couplings are assumed to be complex. The combination
of Eqs.7,9 is called LSD. As we shall see LSD implies
that the third right-handed neutrino of mass X ′ is ir-
relevant for both leptogenesis and neutrino oscillations.
In addition many realistic SO(10) models involve an ap-
proximate texture zero in the 11 position [16], and we
assume that. This will have the effect of removing one of
the see-saw phases.
Assuming Eq.9 the neutrino masses are given to lead-
ing order in m2/m3 by [15],
m1 ∼ O(
x′y′
X ′
v22) (10)
m2 ≈
|a|2
Xs212
v22 (11)
m3 ≈
|e|2 + |f |2
Y
v22 (12)
where v2 is a Higgs vacuum expectation value (vev) as-
sociated with the (second) Higgs doublet that couples
to the neutrinos and s12 = sin θ12 given below. Note
that with SD each neutrino mass is generated by a sep-
arate right-handed neutrino, and the sequential domi-
nance condition naturally results in a neutrino mass hi-
erarchy m1 ≪ m2 ≪ m3. The neutrino mixing angles
are given to leading order in m2/m3 by [15],
tan θ23 ≈
|e|
|f |
(13)
tan θ12 ≈
|a|
c23|b| cos(φ˜b)− s23|c| cos(φ˜c)
(14)
θ13 ≈ e
i(φ˜+φa−φe)
|a|(e∗b+ f∗c)
[|e|2 + |f |2]3/2
Y
X
(15)
where we have written some (but not all) complex
Yukawa couplings as x = |x|eiφx . The phase δMNS is
fixed to give a real angle θ12 by,
c23|b| sin(φ˜b) ≈ s23|c| sin(φ˜c) (16)
where
φ˜b ≡ φb − φa − φ˜+ δMNS,
φ˜c ≡ φc − φa + φe − φf − φ˜+ δMNS (17)
The phase φ˜ is fixed to give a real angle θ13 by [15],
φ˜ ≈ φe − φa − φCOSMO (18)
where
φCOSMO = arg(e
∗b+ f∗c). (19)
is the leptogenesis phase corresponding to the interfer-
ence diagram involving the lightest and next-to-lightest
right-handed neutrinos [17,15]. Note that the sign of
baryon asymmetry for the LSD case of interest here is
then determined by YB ∝ +sin 2φCOSMO [17]. How-
ever it should be pointed out that in the LSD case
here with Eq.7 successful thermal leptogenesis requires
Y ≈ 1012GeV [18] which would lead to a serious problem
with the production of TeV mass gravitinos in supersym-
metric models. Returning to Eq.19, it may be expressed
as
tanφCOSMO ≈
|b|s23s2 + |c|c23s3
|b|s23c2 + |c|c23c3
. (20)
Inserting φ˜ in Eq.18 into Eqs.16,17,
c23|b| sin(η2 + φCOSMO + δMNS)
≈ s23|c| sin(η3 + φCOSMO + δMNS). (21)
Eq.21 may be expressed as
tan(φCOSMO + δMNS) ≈
|b|c23s2 − |c|s23s3
−|b|c23c2 + |c|s23c3
(22)
where we have written si = sin ηi, ci = cos ηi where
η2 ≡ φb − φe, η3 ≡ φc − φf (23)
are invariant under a charged lepton phase transforma-
tion. The reason that the see-saw parameters only in-
volve two invariant phases η2, η3 rather than the usual
six is due to the LSD assumption which has the effect
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of decoupling the heaviest right-handed neutrino, which
removes three phases, together with the assumption of a
11 texture zero, which removes another phase.
Eq.22 shows that δMNS is a function of the two see-saw
phases η2, η3 that also determine φCOSMO in Eq.20. If
both the phases η2, η3 are zero, then both φCOSMO and
δMNS are necessarily zero. This feature is absolutely cru-
cial. It means that, barring cancellations, measurement
of a non-zero value for the phase δMNS at a neutrino fac-
tory will be a signal of a non-zero value of the leptogenesis
phase φCOSMO.
So far we have not discussed the Majorana phases β1,
β2 which appear in Eq.5. In LSD the lightest neutrino
mass m1 is very small which effectively makes β1 unmea-
surable. The remaining Majorana phase is given from
the relation
δMNS + β2 =
φ2
2
−
φ3
2
(24)
where φ2, φ3 are the phases of the neutrino masses m
′
2 =
m2e
iφ2 , m′2 = m2e
iφ3 , after the neutrino mass matrix has
been diagonalised. In our conventions these phases are
removed to leave the positive neutrino masses in Eq.12
resulting in Eq.24. We find
φ2 = 2φa, φ3 = 2(φa + φCOSMO). (25)
From Eqs.24,25, we find
φCOSMO = −(δMNS + β2), (26)
The combination of phases in Eq.24 is just the phase
φββ0ν which enters |mee| in neutrinoless double beta de-
cay, when expressed in terms of oscillation parameters.
The magnitude of this phase is
|φββ0ν | = |δMNS + β2|. (27)
From Eq.26 and 27 we find the remarkable result
|φCOSMO| = |φββ0ν |. (28)
In the bottom-up analysis of [9], they also found a rela-
tion like Eq.28 in a particular region of their low energy
parameter space.
If we were to assume ad hoc that a second Yukawa
element were to be set to zero, then another invariant
see-saw phase could be removed, and then both φCOSMO
and δMNS would be determined in terms of a single see-
saw phase. In this case there would be a direct relation
between φCOSMO and δMNS. For example if we set c = 0
then the only remaining see-saw phase is η2 and Eqs.20,22
would imply that φCOSMO = η2 = φb − φe and
δMNS = −2φCOSMO. (29)
The sign of the CP asymmetry phase δMNS measurable at
a neutrino factory is then predicted to be negative since
the baryon number of the universe YB ∝ +sin 2φCOSMO
is positive. The LSD assumption in our model Eqs.7,9
means that the heaviest right-handed neutrino of mass
X ′ is irrelevant for both leptogenesis and for determining
the neutrino masses and mixings, so the model reduces
effectively to one involving only two right-handed neutri-
nos, as first observed in [14]. In fact, assuming c = 0, our
model in Eqs.6,7,8,9 reduces effectively to the case of two
right-handed neutrinos with Y ≪ X considered in the
phenomenological analysis in [19]. A similar two right-
handed neutrino model with X ≪ Y proposed in [12]
corresponds to the limiting three right-handed neutrino
caseX ≪ Y ≪ X ′ which is not as well motivated as LSD.
Another possiblity is to have heavy sequential dominance
(HSD) corresponding to X ′ ≪ X ≪ Y , leading to the
“lop-sided” neutrino Yukawa matrix. In the HSD case
the lightest right-handed neutrino of mass X ′ is respon-
sible for leptogenesis but has couplings and phases which
are completely irrelevant to the neutrino mass and mix-
ing spectrum. Therefore in HSD there is no leptogenesis-
MNS link [15], although X ′ may be light enough to be
consistent with the production of TeV mass gravitinos in
supersymmetric models [17].
To conclude, we have discussed the relation between
leptogenesis and the MNS phases in the LSD class of
models defined by Eqs.6,7,8,9. Although the class of
model looks quite specialised, it is in fact extremely well
motivated since it allows the neutrino Yukawa matrix to
have the same universal form as the quark Yukawa ma-
trices consistent with SO(10) for example [16]. The large
neutrino mixing angles and neutrino mass hierarchy then
originate naturally from the sequential dominance mech-
anism without any fine tuning [14]. Within this class of
models we have shown that the two see-saw phases η2, η3
are related to δMNS and φCOSMO according to Eqs.20,22.
Remarkably, the leptogenesis phase is predicted to be
equal to the neutrinoless double beta decay phase as in
Eq.28. Since the heaviest right-handed neutrino of mass
X ′ is irrelevant for both leptogenesis and for determin-
ing the neutrino masses and mixings, the model reduces
effectively to one involving only two right-handed neu-
trinos [14]. With an additional ad hoc assumption that
c = 0 the model then further reduces to a case considered
in [19], and we find a direct relation between φCOSMO and
δMNS as in Eq.29. In this case the fact that the universe
is made of matter not antimatter then predicts the sign
of δMNS measurable at a neutrino factory to be negative.
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